do not present the cluster of metabolic abnormalities that define the metabolic syndrome (MetS). Whether MHO is associated with lower impairment of vasoreactivity than the MetS is unknown. For this purpose, forearm blood flow (FBF) responses were measured by strain-gauge plethysmography during the intra-arterial infusion of acetylcholine (ACh), sodium nitroprusside (SNP), and/or the selective endothelin type A (ET A) receptor blocker BQ-123 in 119 obese individuals with MHO (n ϭ 34) or with the MetS (n ϭ 85) and in healthy lean controls (n ϭ 56). ACh and SNP caused a significant vasodilation in both obese and lean participants (all P Ͻ 0.001). However, the response to both agents was significantly lower in the obese than in the control group (both P Ͻ 0.001). Among the obese participants, the reactivity to ACh was higher in MHO than in MetS patients, whereas the responsiveness to SNP was equally impaired in both groups (P ϭ 0.45). Infusion of BQ-123 significantly increased FBF in obese patients (P Ͻ 0001), but not in the lean participants; hence, FBF following ET A receptor blockade was higher in both obese groups than in controls (both P Ͻ 0.001). FBF response to BQ-123 was significantly higher in patients with the MetS than in those with MHO (P ϭ 0.007). In conclusion, patients with MHO have abnormal vascular reactivity, although their endothelial dysfunction is less pronounced than in patients with the MetS. These findings indicate that obesity is associated with vascular damage independent of those metabolic abnormalities underlying the MetS. obesity; endothelium; endothelin-1; metabolic syndrome; vasodilation OBESITY, PARTICULARLY IN THE PRESENCE of abdominal fat accumulation, is linked to the occurrence of insulin resistance, impaired glucose metabolism, atherogenic lipid profile, and elevated blood pressure (20) . The clustering of these abnormalities forms the basis for the diagnosis of the metabolic syndrome (MetS) (3) and contributes to the doubling of the relative risk for cardiovascular events and the fivefold increment in the risk of developing type 2 diabetes observed in patients with this condition (16). Interestingly, a proportion of obese individuals does not present with the metabolic disturbances underlying the MetS (33), and therefore, these individuals are considered to have a metabolically healthy obesity (MHO). Although some observational data appear to indicate that obesity in the absence of the MetS is not associated with increased risk of cardiovascular disease (18), other studies have cast doubts on this evidence (5, 12).
OBESITY, PARTICULARLY IN THE PRESENCE of abdominal fat accumulation, is linked to the occurrence of insulin resistance, impaired glucose metabolism, atherogenic lipid profile, and elevated blood pressure (20) . The clustering of these abnormalities forms the basis for the diagnosis of the metabolic syndrome (MetS) (3) and contributes to the doubling of the relative risk for cardiovascular events and the fivefold increment in the risk of developing type 2 diabetes observed in patients with this condition (16) . Interestingly, a proportion of obese individuals does not present with the metabolic disturbances underlying the MetS (33) , and therefore, these individuals are considered to have a metabolically healthy obesity (MHO). Although some observational data appear to indicate that obesity in the absence of the MetS is not associated with increased risk of cardiovascular disease (18) , other studies have cast doubts on this evidence (5, 12) .
We and others have demonstrated that patents with the MetS have impaired endothelial vasodilator responses (26, 29) and enhanced ET-1 mediated vasoconstrictor tone (30) . This state of endothelial dysfunction is a pivotal player in the pathogenesis of atherosclerosis (14) and is an independent predictor of cardiovascular events (17) . Interestingly, Weil et al. (32) have reported an elevated endothelin (ET)-1-mediated vasoconstriction in overweight and obese adults independent of other cardiovascular risk factors. Given the absence of significant metabolic abnormalities, however, it is reasonable to speculate that individuals with MHO may have less marked impairment of endothelial function. Thus, the current investigation was designed to compare vasodilator reactivity and ET-1-mediated vasoconstrictor tone between patients with the MHO and those with the MetS.
METHODS
Study participants. The study population included adult obese patients [body mass index (BMI) Ն30 kg/m 2 ] with a diagnosis of MetS or MHO and age-matched lean healthy controls (BMI Ͻ27 kg/m 2 ) who participated in studies conducted in our laboratory to investigate endothelium-dependent and -independent dilation and/or endothelin type A (ET A )-dependent vasoconstrictor reactivity. The MetS was defined according to the International Diabetes Federation (IDF) criteria (2), whereas MHO was defined as the presence of obesity in the absence of any of the metabolic abnormalities characteristic of the MetS (i.e., raised fasting plasma glucose, elevated triglycerides, and reduced HDL cholesterol). None of the study participants was taking any medication, including aspirin or vitamin supplements, at the time of vascular function assessment. In patients with the MetS taking antihypertensive, oral hypoglycemic, and/or lipid-lowering drugs, treatment was discontinued 1 wk prior to the vascular study. During this time, blood pressure and/or plasma glucose levels were repeatedly measured, and when needed, treatments were restarted with the exclusion of the patient from the study. None of the participants was treated with insulin, none was a smoker, and all participants were asked to refrain from drinking alcohol and beverages containing caffeine for Ն24 h before the study. None of the participants was engaged in programs of regular physical activity, and the levels of physical activity were comparable between the three groups. The study protocols were approved by the local institutional review boards, and all participants gave written informed consent before their participation in the studies.
Protocols. All studies were performed in the morning in a quiet room with a temperature of Ϸ22°C. Each study consisted of infusion of drugs into the brachial artery and measurement of the response of the forearm vasculature by means of strain-gauge venous occlusion plethysmography. Drugs were prepared by the local pharmaceutical service, following specific procedures to ensure accurate bioavailability and sterility of the solutions. A 20-gauge Teflon catheter (Arrow, Limeric, PA) was inserted into the brachial artery of the nondominant arm (left arm in most cases) for drug infusion. The extended arm was positioned slightly above the level of the right atrium, and a mercuryfilled strain gauge was placed around the widest part of the forearm. The strain gauge was connected to a plethysmograph (model EC-6; Hokanson, Bellevue, WA) calibrated to measure the percent change in volume and connected to a personal computer through an analog-todigital converter. For each measurement, a cuff placed around the upper arm was inflated to 40 mmHg with a rapid cuff inflator (model E-10; Hokanson) to occlude venous outflow from the extremity. A wrist cuff was inflated to suprasystolic pressures 1 min before each measurement to exclude the hand circulation. Flow measurements were recorded for ϳ7 s every 15 s; seven readings were obtained for each mean value. Blood pressure was recorded with the use of a standard mercury manometer. Throughout all of the studies, volumes infused were matched by administration of variable amounts of saline.
Assessment of endothelium-dependent and -independent vascular reactivity and of ET-1-mediated vasoconstriction. Endothelial vasodilator function was tested as described previously in detail (8) . Briefly, forearm blood flow (FBF) was measured by strain-gauge plethysmography at baseline and after intra-arterial infusion of increasing doses of the endothelium-dependent vasodilator acetylcholine (ACh; Clinalfa) (infusion rates: 7.5, 15, and 30 g/min) and of the endothelium-independent vasodilator sodium nitroprusside (SNP; Malesci) (infusion rates: 0.8, 1.6, and 3.2 g/min). Drug sequence was randomized to avoid bias related to the order of infusion. To assess ET-1-dependent vasoconstrictor tone, BQ-123 (Bachem, Bubendorf, Switzerland), a selective blocker of ET A receptors, was infused at 10 nmol/min (10 nmol/ml solution), a dose that effectively counteracts the vasoconstrictor effect of ET-1 infusion in the human forearm (7) .
Statistical analyses. Group comparisons were performed by unpaired t-test, one-and two-way ANOVA, as appropriate. Withingroup comparisons were performed by two-way ANOVA for repeated measurements. Univariate analyses of associations were assessed by use of standard linear regression analysis. Multivariate analyses of associations were assessed using the backward stepwise regression technique. Multivariate regression models for the dependent variables ACh (highest dose) and SNP (highest dose) or response to BQ-123 (last 30 min of infusion) included diagnosis (absence of obesity, MHO, MetS) as well as other relevant covariates of interest (BMI, mean arterial pressure, plasma glucose, total cholesterol, triglycerides, and HDL cholesterol) as main effects. All calculated probability values are two-tailed, and a P value of Ͻ0.05 was considered statistically significant. All group data are reported as means Ϯ SE.
RESULTS
A total of 119 obese patients (85 with the MetS and 34 with MHO) and 56 lean controls participated in some or all of the various protocols of this study.
The baseline anthropometric and biochemical characteristics of the participants are reported in Table 1 . All obese patients had a waist circumference above the IDF criterion (Ն94 cm in men and Ն80 cm in women); blood pressure (BP) was above the IDF criterion (systolic BP Ն135 mmHg or diastolic BP Ն85 mmHg) in 12 of 34 patients (35%) with MHO and 44 of 85 patients (52%) with the MetS. Among patients with the MetS, fasting plasma glucose levels were above the IDF criterion (Ն100 mg/dl) in 36 of 85 patients (42%); 30 of 85 patients (35%) had type 2 diabetes based on the American Diabetes Association classification (1) . Any combination of plasma triglycerides and HDL cholesterol levels above or below the IDF criteria, respectively, was present in 71 of 85 patients (84%) with the MetS. Within the MetS group, three components of the syndrome were present in 57 patients (67%), four components were present in 23 patients (27%), and all five of the components were present in five patients (6%).
Both MHO and MetS patients had higher BMI and BP compared with lean controls, without significant differences between them (both P Ͼ 0.05). Fasting plasma glucose, total cholesterol, and triglyceride levels were higher in patients with the MetS than in the other two groups, whereas no significant difference in these parameters was observed between patients with MHO and lean controls (all P Ͼ 0.05). HDL plasma levels were lower in patients with the MetS than in the other two groups, without significant difference between patients with MHO and lean subjects (P Ͼ 0.05). Insulin plasma levels were not different in the two obese groups.
Throughout the studies, mean arterial pressure and heart rate did not change significantly after infusion of any of the drugs used, thus indicating that the drug effects were limited to the infused forearm and did not extend to the systemic circulation.
Endothelium-dependent and -independent vascular reactivity. Vascular responses to ACh and SNP were assessed in 81 obese patients (58 with the MetS and 23 with MHO) and 25 lean controls. Infusion of graded doses of ACh resulted in a progressive vasodilator response in both obese and lean participants (P Ͻ 0.001). However, forearm vascular reactivity to ACh was significantly lower in obese patients than in lean controls (Fig. 1, left) . Similarly, FBF responses to SNP were lower in obese patients than in lean controls (Fig. 1, right) .
When the reactivity to ACh was compared between the two obese subgroups, patients with MHO had greater vasodilator reactivity than those with the MetS (Fig. 2, left) . The response to ACh of MHO patients (14.3 Ϯ 1.3 ml·min Ϫ1 ·dl Ϫ1 at the highest dose), however, remained significantly lower than that observed in lean subjects (22.5 Ϯ 1.8 ml·min
Ϫ1
·dl Ϫ1 , P Ͻ 0001). In contrast with the ACh results, endothelium-independent responsiveness to SNP did not differ between the two obese subgroups (Fig. 2, right) .
Vascular responsiveness to ET A receptor blockade. Forearm vascular reactivity to selective ET A antagonism was measured in 70 obese patients (49 with the MetS and 21 with MHO) and 31 lean controls. Infusion of BQ-123 did not result in significant FBF changes in lean subjects (9 Ϯ 4% after 60 min, P ϭ 0.45), whereas it induced a significant vasodilator response in obese patients (33 Ϯ 4% after 60 min, P Ͻ 0001). Thus, the percent increase in FBF from baseline following ET A receptor blockade was higher in obese patients than in lean participants (Fig. 3) .
When the responses to BQ-123 were compared between the two obese groups, the FBF increases from baseline were significantly higher in patients with the MetS than in those with MHO (Fig. 4) . In patients with MHO, however, the vasodilator effect of BQ-123 (28 Ϯ 6% at 60 min) was higher than in lean controls (P Ͻ 0001), thereby indicating already enhanced ET A -dependent vasoconstriction in patients with MHO.
Predictors of vascular responses to ACh, SNP, or BQ-123. Linear regression analyses showed that, in the whole population, the vasodilator response to ACh had a strong negative association with BMI, plasma glucose, and diagnosis (all P Ͻ 0.001) and a weaker negative association with total cholesterol (P ϭ 0.03) and triglycerides (P ϭ 0.02). In the backward stepwise analysis, diagnosis (P Ͻ 0.001), plasma glucose (P ϭ 0.01), and BMI (P ϭ 0.04) remained independent predictors of the response to ACh (r ϭ 0.56, r 2 ϭ 0.31, P Ͻ 0.001). In the obese patients, fasting plasma glucose (P ϭ 0.02) and diagnosis (P ϭ 0.02) were again significant predictors of the response to ACh in the multivariate analysis (r ϭ 0.35, r 2 ϭ 0.12, P ϭ 0.01).
Differently from the Ach results, BMI was the only variable showing a linear association with the vasodilator response to SNP in both the whole population (r ϭ 0.48, P ϭ 0.008) and the obese group (r ϭ 0.34, P ϭ 0.03).
In the whole population, the vasodilator response to BQ-123 was linearly associated with diagnosis (P Ͻ 0.001), BMI (P Ͻ 0.001), mean arterial pressure (P Ͻ 0.001), and fasting plasma glucose (P ϭ 0.003). In the backward stepwise analysis, mean arterial pressure (P Ͻ 0.001) and fasting plasma glucose (P ϭ 0.02) remained the only significant predictors of the vasodilator response to ET A receptor blockade (r ϭ 0.58, r 2 ϭ 0.34, P Ͻ 0.001). In the obese patients, mean arterial pressure (P Ͻ 0.001) and fasting plasma glucose (P ϭ 0.02) persisted as significant predictors of vascular reactivity to BQ-123 in the multivariate analysis (r ϭ 0.52, r 2 ϭ 0.27, P ϭ 0.002).
DISCUSSION
The main novel findings of this investigation are that, compared with lean controls, patients with MHO have impaired endothelium-dependent and -independent vasodilation as well as increased ET A -dependent vasoconstrictor tone. In patients with MHO, however, the vasodilation induced by ACh is higher and the response to ET A antagonism by BQ-123 lower than in patients with the MetS; the vasodilator effect of SNP, conversely, is equally impaired in the two obese subgroups. Taken together, these results suggest that MHO is not an innocuous condition but is associated with vascular function abnormalities, although they are milder that those observed in patients with the MetS.
The results of the current study expand and refine previous observations from our group and other groups of an abnormal endothelium-dependent vascular reactivity in overweight and obese individuals (32) and in patients with the MetS (26, 29) (22) . In particular, we now demonstrate that the impairment in endothelial vasodilator function is present even in patients with MHO, suggesting that obesity per se is associated with endothelial dysfunction and that the presence of the MetS exerts additive detrimental effects on the vascular endothelium. The concept that MHO is not a benign condition is in line with a series of recent observations showing higher cardiovascular and metabolic risk in patients with MHO. Thus, Arnlöv et al. (12) demonstrated that men and women with MHO have increased coronary artery calcifications compared with metabolically healthy, normal-weight individuals. These findings are at odds with older reports suggesting that overweight and obese individuals without associated metabolic abnormalities do not exhibit higher rates of cardiovascular disease and mortality (4, 25) but strengthen the results of a systematic review and meta-analysis evaluating mortality and cardiovascular events in individuals classified according to BMI categories and metabolic status, which has shown that obese persons are at risk for adverse long-term outcomes even in the absence of metabolic abnormalities (19) . Similarly, a metaanalysis of prospective cohort studies has shown that the risk of incident type 2 diabetes in patients with MHO is intermediate between that of normal-weight adults and patients with the MetS (6). Taken together, these results suggest that, although increased adiposity may increase the likelihood of unwanted consequences per se, coexistence of metabolic abnormalities carries an additional risk of endothelial damage. This concept is supported by the results of our backward regression analysis, in which diagnosis and plasma glucose, together with BMI, remained independent predictors of endothelium-dependent vasodilator responsiveness in the whole study population. In this regard, it is important to emphasize that among the different metabolic abnormalities characteristic of the MetS, hyperglycemia, but not lipid changes, was independently associated with endothelial dysfunction. Because we used IDF criteria to define the MetS, it is possible that inclusion in our study of some patients with already overt T2D might have contributed to this outcome. Several mechanisms might explain the higher degree of endothelial dysfunction driven by obesity-associated metabolic abnormalities, in particular the activation of those inflammatory pathways (21) , leading to increased production of a number of cytokines, including tumor necrosis factor-␣, interleukin-6, and monocyte chemoattractant protein-1 (13) . Another important finding of our investigation is that, compared with lean controls, MHO and MetS participants had similarly reduced responses to endothelium-independent, NOmediated stimulation with SNP. This finding is in contrast with the data from Weil et al. (32) , who reported no differences in the magnitude of vasodilation to SNP between overweight and obese patients and normal-weight controls. The reasons for this discrepancy are probably related to more severe degrees of obesity and insulin resistance present in our obese cohort compared with the overweight and obese populations decribed by Weil et al. (32) . Our results, however, are consistent with those reported recently by Walther et al. (31) , who observed that patients with the MetS, with or without T2D, have generalized vascular dysfunction, including impaired vascular smooth muscle response to exogenous nitric oxide, in both the brachial artery and the microvasculature. Our previous evidence of generalized impairment of insulin-mediated sensitization to vasodilator stimuli in patients with the MetS (23) supports the notion that obesity-associated vascular dysfunction extends beyond the endothelium to involve smooth muscle cells in the media (9, 15) . Vascular insulin resistance, likely related to perivascular adipose tissue changes occurring in obesity (10) , is the potential mechanism underlying this abnormality. This view is supported by the results of our regression analysis showing that BMI was the only significant correlate of the vasodilator response to SNP. However, because our study was performed in the intact human circulation in vivo, we could not gain more direct insights in this regard.
In line with prior work from our laboratory and others (30, 32) , in the current study the obese participants as a group showed significant vasodilator response during BQ-123 infusion, hence confirming the concept of obesity-related enhanced ET A -dependent vasoconstrictor tone. Coherently with the results observed with the endothelium-dependent response to ACh, vasodilation during ET A receptor blockade was less marked in MHO participants than in MetS patients, thereby suggesting that obesity and its metabolic complications exert independent and additive detrimental effects on the vascular ET-1 system. Therefore, because previous investigations have shown that vasoconstriction during exogenous ET-1 infusion is blunted in overweight and obese adults (32) and in overweight type 2 diabetics (10), the likely mechanism of the increased vascular ET-1 activity in obesity relates to higher bioavailability of the peptide within the vessel wall. Among the numerous stimuli known to promote ET-1 production in endothelial cells, insulin is likely a leading player in hyperinsulinemic states like obesity and MetS (11) . However, additional mechanisms involved in blood pressure regulation, such as hyperactivation of the sympathetic system and of the renin-angiotensin axis (27, 28) , are probably at play, as suggested by the results of our multivariate regression analysis, showing that high blood pressure is the strongest predictor of the response to BQ-123.
One possible limitation of the present study is the fact that the criteria for defining MHO were selected arbitrarily among several other possibilities to identify the metabolic health status (24); a similar reasoning applies to the definition of the MetS, and all of these arbitrary choices might have influenced the outcomes. Another potential limit of this study relates to the absence of a group of lean, metabolically unhealthy subjects whose presence might have allowed us to better ascertain the role of increased adiposity vs. metabolic abnormalities in the pathophysiology of vascular dysfunction. Even with these limitations, however, this study clearly demonstrates that obesity is associated with vascular dysfunction even in the absence of metabolic abnormalities. Therefore, this concept might have potential clinical implications, helping to define preventive strategies for vascular protection in these patients.
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